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Introduction
Polymers have become ubiquitous in everyday life with applications including fibres, textiles, packaging materials, surface coatings (controlling function, friction, and adhesion), medical devices, and fluid modifiers. The adaptability of polymers stems from the ability to tune freely the molecular characteristics (chemical identity and molecular architecture) in order to generate desired behaviour and responses under a given set of physical conditions. Block copolymers are examples of such materials. The functionality of block copolymers stems from the possibility of each block reacting differently to the environment, giving rise to complex structures and responses that depend on external factors such as pH [1, 2] and exposure to solvents. [3] Specific interest in thin films of polymers is growing due to their use in areas as diverse as nanostructured materials [4, 5] and biotechnology. [6] The formation and structure of thin films of linear homopolymers, [7] [8] [9] [10] [11] [12] star homopolymers, [13] heteroarm star polymers, [14] and diblock [15] [16] [17] [18] [19] and triblock [20] copolymers have been studied experimentally. These studies have covered chemisorbed and physisorbed polymers, and have been concerned with single-molecule properties such as the coil-globule transition, and thin-film properties such as friction. The focus here will be on the adsorption of polymers on to surfaces from solution, and the subsequent structural reorganisation of the polymers upon solvent evaporation. As such, the focus is on the mechanism by which polymers physisorb and subsequently collapse on to the surface to form the thin film. A typical experimental protocol for the study of such processes is to immerse a clean surface (such as mica or highly ordered pyrolytic graphite) in to a polymer solution -typically in good-solvent conditions -and to reach equilibrium adsorption. Then, the surface is removed and rinsed with solvent, and the excess solvent is removed by rapid drying in a gas stream. Finally, the organisation and structure of the polymers are investigated using a surface technique such as atomic-force microscopy (AFM). In recent studies by our groups, this protocol has been used to study, in detail, the adsorption of linear homopolymers, [12] star homopolymers [13] and diblock copolymers [19] on to mica surfaces. A significant result from these studies is that the basic effect of solvent evaporation is to switch from good-solvent to bad-solvent conditions. This means that the steady-state polymer structures after solvent evaporation are related to the structures that exist in good-solvent conditions; the polymers undergo collapse and clustering due to the change in effective monomer-monomer interactions. There is no experimental evidence for polymers being redistributed on the surface by the solvent layer due to mechanisms such as spinodal dewetting [21] [22] [23] [24] [25] or hole nucleation. [21, 22, 26] These mechanisms would give rise to characteristic large-scale structures on the surface and specific variations with molecular weight that are not observed in the experiments. [12, 13, 19] This is one topic that can now be addressed using molecular simulations.
Experimental studies of polymer adsorption and polymer thin films yield some insight on the dominant molecular-scale mechanisms, but these have to be inferred from steady-state structures after adsorption and structural ordering have taken place. Although these processes are 'slow' from a computational standpoint, some insights can be gained from molecular simulations. The structure and dynamics of adsorbed linear homopolymers on surfaces have been studied in great detail: the literature is vast, with the key work being performed with off-lattice, bead-spring models, [27] [28] [29] [30] [31] [32] although more accurate coarse-grained parametrisations are available for a variety of polymer systems. [33, 34] Simple bead-spring models give access to long lengthscales and timescales, while retaining a significant degree of chemical resolution and realism in the polymer molecular structure.
To complement the experimental work performed in our groups on linear homopolymers [12] and star homopolymers, [13] simulation work has been carried out in order to make a direct link with AFM measurements and to gain insights on the molecular-scale details of polymer adsorption. [35, 36] In these studies, Langevin dynamics simulations of bead-spring models have been used to correlate the experimental measurements with molecular characteristics such as polymer size and functionality, solvent quality, and surface interactions. The solvent in these simulations was implicit, being represented only by the effective monomer-bead interactions, and random Brownian forces and Stokes-law drag acting on the beads. The effects of solvent evaporation were mimicked by switching the monomer-bead interactions from the appropriate good-solvent (repulsive) to bad-solvent (attractive) forms. In this study, computer simulations of diblock copolymer adsorption are performed to gain insight on the experimental measurements reported in Ref. 19 . In a departure from earlier simulation work, the solvent is represented explicitly, albeit with a simplified 'atomic' model. This allows a more faithful representation of the solvent-evaporation process, and gives an accurate picture of the solvation and structure of the physisorbed polymer molecules. The associated increase in computational cost is offset by exploiting GPU acceleration with a bespoke molecular-dynamics code. . Solutions of these polymers were adsorbed on to freshly cleaved mica surfaces, which were rinsed and dried under a stream of nitrogen. The sample was then imaged using AFM in tapping mode. The PI-PEO diblock copolymers were seen initially to form flat polymer islands which were weakly adsorbed on the substrate. They then displayed an exponential-type growth of height with time with their lateral shape becoming circular. One possible explanation for this behaviour is a change in the affinity of mica to water, and a concomitant decrease in the thickness of the water layer due to evaporation.
It has been shown that in ambient air, mica adsorbs water from the environment [37] [38] [39] [40] [41] [42] [43] and this adsorbed water is shown to form two layers. The first is a structured layer about 0.2 nm thick, [39, 40] denoted 'phase I', and a thicker, bulk-like layer ranging from a monolayer to approximately 2 nm thick, [38] [39] [40] [41] denoted 'phase II'. The affinity of mica to water decreases with time due to processes such as the adsorption of organic contaminants that are always present under ambient conditions. [40, 42] The PEO blocks of the synthesised block copolymers are hydrophilic and are expected to extend into both the phase I and phase II layers. The PI blocks are hydrophobic and are thought to be floating on top of the phase II layer. This structure corresponds to the flat islands seen at short times. As the mica becomes less hydrophilic with time, the water layer thins and hence the PEO blocks are confined to a smaller volume within phase II. As a result, the PEO blocks on the edge of the island are forced to spread laterally within the phase-I layer and in contact with the surface. The PI blocks remained floating on top of the diminished phase-II layer in a smaller 'cap'. This process is thought to give rise to the long-time growth in height. The effects of the water layer on diblock copolymers under ambient conditions have been reported before. [44] [45] [46] The aims of this work are to reproduce and gain insight on the effect of the solvent evaporation on the structure of diblock copolymers adsorbed on surfaces such as mica, and to explore the approach to steady-state conditions, which may not necessarily be at thermodynamic equilibrium. Techniques such as Monte Carlo simulations of lattice models provide valuable information on the equilibrium structures and thermodynamics of block-copolymer systems, [47, 48] but they cannot capture the complex dynamical processes that are expected to be important in the current situation. Instead, off-lattice, bead-spring models of polymers in an explicit 'atomic' solvent are studied using molecular dynamics (MD) simulations. Using a simulation protocol consisting of equilibrium, evaporation, and steadystate phases, the effects of the polymer architecture (PI : PEO ratio) and solvent selectivity are surveyed systematically.
Although not yet explored in the experiments, [19] these parameters are easily varied in simulations. The results clarify the roles played by the solvent in the polymer deposition process.
This remainder of this paper is organised as follows. Section 2 contains details of the coarse-grained polymer and solvent models, and the simulation methods. The results for diblock copolymers with different block lengths in both selective and non-selective solvents are presented in Section 3, and Section 4 concludes the paper.
Simulation and model methods
The study of the system described above poses a significant computational challenge due to the large number of particles necessary for an explicit solvent. The explicit solvent is itself necessary, as an important part of the studied system is the liquid layer and its evaporation. The inclusion of an interface with the evaporation of the solvent leads to long computation times as systems at coexistence equilibrate slowly. [49] In order to deal with this, a bespoke code has been developed to make use of the computational power of NVIDIA GPUs via the language extension CUDA for C.
This allows large simulations to be carried out for many millions of timesteps in a reasonable amount of time, on the order of a week. In this section we outline the model used and the simulation protocol.
Molecular models
The PI-PEO/solvent/mica system is modelled as follows. The PI units are hydrophobic while the PEO units are hydrophilic. Hence, the PEO units should have a more significant attraction to the mica surface. If the solvent is water, then it will have a strong attraction to the PEO units and the surface, but the PI-water interaction will be less favorable; in this sense, the solvent is selective. One might conceive of another solvent that has no strong preference for PI or PEO; this will be referred to as a non-selective solvent. In either case, the solvent molecules experience mutually attractive interactions.
A useful approach when considering systems of linear polymers is to model them as chains of coarsegrained beads connected by springs. [50] Each model diblock copolymer is comprised of N b beads of equal mass, m, connected by non-linear finitely extensible (FENE) 'springs' defined by the potential (1) where r is the bonded bead-bead separation, R 0 is the maximum possible bead-bead separation, and k is repulsive. In a selective solvent, the A-C interaction is repulsive, while in a non-selective solvent it is attractive.
The surface was taken to be structureless, parallel to the xy plane, and with z < 0. The bead-surface interactions were dealt with through an effective potential [52] based on integrating the LJ interactions with a homogeneous distribution of sites within the surface. This is given by (3) where z is the perpendicular distance of the bead from the surface and ε s controls the strength of the bead surface attraction. Attractive bead-surface interactions are given by att (z) = (z), while repulsive bead-surface interactions are given by rep (z ≤ z 0 ) = (z) − (z 0 ) and rep (z > z 0 ) = 0, where the cut-off is at the minimum of (z). In all cases, the interaction between A beads and the surface is repulsive, while B beads and C beads experience attractive interactions with the surface.
The interaction potentials for selective and non-selective solvents are summarised in Table 1 . The only difference between the two solvents is the interaction between A beads and C beads: in a selective solvent, this interaction is repulsive; in a non-selective solvent, this interaction is attractive.
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Selective solvent Non-selective solvent were performed in the NVTensemble using a chain of Nosé-Hoover thermostats, as described by
Martyna et al. [53] The equations of motion were integrated using the velocity-Verlet scheme [54] with timestep δt/τ = 0.002, where is the basic unit of time. In all cases, the target temperature was T* = k B T/ε = 0.8. This is below the vapour-liquid critical temperature of a bulk atomic fluid with interaction potential u att (r): the critical density is ρ c σ 3 = 0.3211(5) and the critical temperature is T * c = 1.0795(2). evaporate, and solvent dewetting is seen to occur at around 1 min 10 s. As a result, polymer clusters go on to aggregate further and the structure coarsens. In the movies, one can see a typical process of two polymer clusters being driven together by solvent dewetting. Views from above and below the surface are provided. This mechanism is elucidated in Section 3.
Results
In each of Sections 3. 
Equilibrium density profile
which ignores the oscillations near to the surface, rough estimates can be obtained for the average vapour and liquid densities ρ vap and ρ liq , and the position (z i ) and width (ξ) of the interface. These are given in Table 2 and the fits are shown in Figure 2 . The apparent vapour and liquid densities are different from their bulk values due to the presence of the polymers and the surfaces. z i can be identified with the thickness of the liquid-solvent layer, which is around 8-9σ in each case, and slightly higher than that expected from the lever rule due to the solvation of the polymers. It is important to note that ξ is the apparent interfacial width only for the specific system size being considered. From simulations of polymer mixtures in slit-pores, Werner et al. found very significant finite-size effects where the concentration profile varied strongly not only with the confined-film thickness, but also with the lateral dimension of the simulation cell (corresponding to L here). [59, 60] This is, in fact, a general feature of interfaces between phases at coexistence, arising from capillarywave broadening.
[61] The properties of the solvent layer reported in Table 2 vary weakly but systematically amongst the different cases. For a given polymer, the liquid layer is thicker, the interface is broader, and the liquid density is lower for a non-selective solvent than for a selective solvent. This is due to the full solvation of the polymer in the non-selective solvent layer. With a non-selective solvent, the properties of the liquid layer are not strongly dependent on the polymer. With a selective solvent, the liquid layer gets thicker, the interface gets broader, and the liquid density decreases as the proportion of solvophilic polymer beads is increased, reflecting the greater degree of polymer solvation.
Film height
Following the equilibration stage, the solvent is evaporated by box expansion which causes further desolvation of the polymers and their subsequent collapse on to the surface. Some observations on the mechanisms of solvent evaporation and surface dewetting will be presented in Section 3.5, but for now the focus is on the polymers. The collapse of the polymer film is reflected in the average bead height h, and those resolved in to different types of polymer beads. Figure 3 show the time dependence of h through the equilibrium, evaporation, and steady-state stages of the simulations. evaporation, the bead heights drop immediately and rapidly due to thinning of the uppermost part of the liquid-solvent film. Significantly, on a longer timescale, the bead heights increase with time. This is most clear for A 12 B 38 , in which h shows a rather rapid increase at around t 7000τ. It turns out that this is when the solvent begins to dewet the surface; solvent dewetting is discussed further in Section 3.5. The results imply that a slow decrease in the amount of adsorbed solvent causes the polymer molecules to 'pile up'. This can be compared with the slow exponential increase in height seen in experiments. [19] To underline this correspondence, Figure 4 shows a detail of the average height for A 12 B 38 , along with a suitable exponential fit. 
Radius of gyration
The dimension of a single polymer is indicated by the radius of gyration R g . A two-dimensional radius of gyration is defined as (5) where the sum was either over all A beads in the polymer, all B beads in the polymer, or all beads in the polymer. This quantity gives an indication of the lateral spread of the molecules with respect to the surface (xy plane). The time dependence of R g is shown in Figure 5 . In all cases, the radii of gyration of A and B beads increase with the respective monomer fractions. For A 25 The blue dashed lines indicate the beginning and end of the solvent-evaporation stage.
Generally, for both types of solvent, the onset of solvent evaporation leads to a rapid decrease in R g for the majority bead type, while R g for the minority bead type stays roughly constant. For example, in A 12 B 38 , the B beads contract laterally while the A beads -which are already clustered and perched on top of the B beads -remain much as they were. In combination with the simultaneous and rapid reduction in film height, these data indicate an overall collapse of the polymers on to the surface. On longer timescales, there is a slow decrease which correlates with the 'piling up' effect seen in the bead heights. Overall, the picture is that the conformations of individual polymers undergo rapid collapse at the onset of solvent evaporation, and afterwards decrease towards slowly steady-state values as further solvent dewetting occurs.
Characteristic length
So far, the picture is that solvent evaporation leads to an initial rapid collapse of the polymers, followed by a slow lateral contraction and 'piling up' as more of the solvent evaporates. The simulation snapshots in Figure 1 show that the polymer molecules aggregate. Coarsening in the surface plane is monitored by a characteristic length l given by [62] (6)
where k = 2π(n x ,n y )/L (n x ,n y = 0, ±1, ±2,…) is a two-dimensional wavevector, k = |k|, S(k) is the structure factor, and g(k) is the number of wavevectors with length k. S(k) is given by
where
is an instantaneous Fourier component of the particle density. A high-k cutoff of 2π/σ was applied to the sum over wavevectors. Characteristic lengths were computed separately for the A beads, the B beads, and the A and B beads combined, and the results are shown in Figure 3 -5 all show rapid responses in the structure of the polymer film at the onset of solvent evaporation, followed by slower variations as more and more solvent evaporates and eventually dewets the surface. Clearly, then, this two-stage process is tied to the evaporation mechanism of the solvent. The solvent molecules near the liquid-vapour interface begin to evaporate first, leading to a desolvation of the top-most parts of the polymers and an immediate reduction in the film height, as shown in Figure 3 . At a later stage, the solvent dewets the surface, apparently due to a heterogeneous nucleation effect since the dewetting of the surface originates on the perimeters of polymer clusters, and then spreads out. This late-stage desolvation of the polymers leads to an increase in the height h ( Figure 4 ) and a decrease in the lateral radius of gyration R g ( Figure 5 ). The overall picture is that, upon solvent evaporation, the polymers first flatten rapidly, and then slowly contract laterally and increase in height. The complete process is shown in the movies provided in the ESI; ‡ see Section 2.2 for an explanation. The steady-state snapshots in Figure 1(c)-(h) show that there is a residual film of solvent on the polymers, but that the bare surface is dewetted. This is only a monolayer, however, and this appears to have no further bearing on the development of the polymer structure.
Solvent evaporation, dewetting, and polymer restructuring

Conclusions
Computer simulations have been used to study the deposition of amphiphilic diblock copolymers on a smooth surface driven by solvent evaporation. Coarse-grained models of the polymers were constructed to reflect different ratios of solvophilic (and 'surfacephilic') and solvophobic (and 'surfacephobic') components, including a ratio studied experimentally. [19] In contrast with earlier simulations of similar systems, the solvent was modelled explicitly, allowing an investigation of solvent quality (whether it is selective for one of the polymer components or non-selective), and the coupling between the solvent dewetting processes and polymer structure. The significant computational cost associated with the explicit solvent was offset by using a bespoke moleculardynamics code written for GPUs.
The simulation protocol was designed to mimic the situation of the polymers solvated by a thin liquid film in equilibrium with its vapour, followed by solvent evaporation and the approach to a steady state. The structure of the thin films was elucidated by examining individual density profiles of the solvent molecules, and the solvophilic and solvophobic components of the polymers. In general, the polymers form clusters with the surfacephilic groups providing a flat base on top of which the surfacephobic groups form clusters. The evolution of the polymer structure upon solvent evaporation was monitored by measuring molecular heights, radii of gyration, and a characteristic length which characterises coarsening of the structure.
In general, the deposition mechanism upon solvent evaporation consists of two stages. The solvent molecules near the liquid-vapour interface are the first to evaporate, and this leads to an immediate flattening of the polymers. Next, the solvent dewets from the surface via a nucleation process originating near the perimeters of the polymer clusters. This leads to a lateral contraction and a slight increase in the polymer height. The overall picture supports the general mechanisms put forward in Ref. 19 . This is only a first attempt at simulating polymer deposition by solvent evaporation. There are at least three effects that have not been addressed with the coarse-grained model and simulation protocol adopted here. Firstly, the system has been maintained at a constant temperature using an artificial thermostat, whereas in reality, a temperature gradient would be established in the polymer-solvent film due to evaporative cooling by the solvent. Secondly, the coarse-grained model is a very crude representation of the various interactions between polymer, surface, and solvent. There are several specific, chemical details that may play significant roles in the polymer deposition process, including the structure and hydration of the surface, the cause of solvent evaporation from the surface, and the precise changes in interactions as the polymers crossover from good-solvent to bad-solvent conditions upon solvent evaporation. Thirdly, given the limitations on simulation lengthscale and timescale, it has not been possible to survey the effects of varying the rate of solvent evaporation with respect to polymer relaxation rates: this could well be a parameter that influences the structure of the adsorbed polymer film. These factors may be addressed in future work.
Despite these limitations, and the fact that the simulations are unavoidably limited to short lengthscales and timescales, the results show how solvent evaporation can control the slow restructuring of diblock copolymers on a surface, which is precisely the effect measured in experiments. [19] 
